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Diffusion of Particles in the Extracellular Matrix: The Effect of Repulsive
Electrostatic Interactions

Triantafyllos Stylianopoulos,” Ming-Zher Poh,™ Numpon Insin,* Moungi G. Bawendi,* Dai Fukumura,’
Lance L. Munn,™ and Rakesh K. Jain™*

TEdwin L. Steele Laboratory, Department of Radiation Oncology, Massachusetts General Hospital and Harvard Medical School, Boston,
Massachusetts; and *Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts

ABSTRACT Diffusive transport of macromolecules and nanoparticles in charged fibrous media is of interest in many biological
applications, including drug delivery and separation processes. Experimental findings have shown that diffusion can be signif-
icantly hindered by electrostatic interactions between the diffusing particle and charged components of the extracellular matrix.
The implications, however, have not been analyzed rigorously. Here, we present a mathematical framework to study the effect of
charge on the diffusive transport of macromolecules and nanoparticles in the extracellular matrix of biological tissues. The model
takes into account steric, hydrodynamic, and electrostatic interactions. We show that when the fiber size is comparable to the
Debye length, electrostatic forces between the fibers and the particles result in slowed diffusion. However, as the fiber diameter
increases the repulsive forces become less important. Our results explain the experimental observations that neutral particles
diffuse faster than charged particles. Taken together, we conclude that optimal particles for delivery to tumors should be initially

cationic to target the tumor vessels and then change to neutral charge after exiting the blood vessels.

INTRODUCTION

Diffusion of macromolecules and nanoparticles in the extra-
cellular matrix (ECM) is crucial for the delivery of thera-
peutic agents in tumor tissues (1). Recent advances in
nanotechnology have led to the development of particles
with controllable size and surface charge and with the
potential to be used for cancer detection and treatment
(2,3). Now there is an emerging need for a better under-
standing of how these particles diffuse in the ECM and for
prediction of the particle properties that optimize their
delivery to cancer cells.

The movement of particles in tissues depends on their
size, charge, and configuration as well as the physicochem-
ical properties of the ECM (1). The ECM is mainly
composed of a network of collagen fibers and other mole-
cules such as hyaluronic acid. Particles perform Brownian
random walks through the spaces between network struc-
tures and are influenced by components of the matrix in
three distinct ways: 1), they collide with matrix fibers (steric
interactions), ii), as they diffuse near fibers, restricted
thermal motion of water molecules due to proximity to the
fibers slows their diffusion (hydrodynamic interactions),
and iii), for charged particles, electrostatic interactions
with charged components of the extracellular matrix
contribute an additional force.

The effect of steric and hydrodynamic interactions on the
diffusion of nanoparticles in fibrous media has been studied
extensively both experimentally (4-9) and with the use of
mathematical modeling (10-16). On the other hand, little
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is known about the effects of electrostatic forces on diffu-
sion. Experimental work has been focused on the effect of
electrostatic attraction between charged particles and
components of the ECM of opposite charge and particularly
with heparan sulfate (17-20). These studies have shown that
particles bind to the surface of the extracellular fibers, which
can decrease their effective diffusivity by three orders of
magnitude. Electrostatic repulsion, however, as well as the
effect of parameters such as fiber volume fraction and fiber
and particle diameter on electrostatic forces have not been
studied as thoroughly as electrostatic attraction. Given the
fact that the charge of therapeutic drugs and nanoparticles
can vary from highly negative to neutral to highly positive,
we developed a comprehensive theoretical framework that
takes into account electrostatic repulsion, as well as steric
and hydrodynamic interactions.

To model the interstitial space, we used a three-dimen-
sional spatially periodic square array of fibers (Fig. 1). We
employed i), a random walk approach (11,15) to simulate
the diffusion of nanoparticles, ii), Stokesian dynamics (12)
to account for hydrodynamic hindrance, and iii), a correla-
tion developed by Johnson and Deen (21) to calculate
electrostatic energies between the fibers and the diffusing
particle. We first validated our approach with a published
model (12) that accounts for only steric and hydrodynamic
hindrances as well as with our experimental data for the
diffusivity of semiconductor nanocrystals (quantum dots)
in collagen gels. Then, we employed the model to study
how electrostatic interactions affect the diffusivity of
particles. Finally, we used our model predictions and pub-
lished studies (17,18) to offer guidelines for the optimal
design of nanoparticles for drug delivery to tumors.

doi: 10.1016/1.bpj.2010.06.016


mailto:jain@steele.mgh.harvard.edu
mailto:lance@steele.mgh.harvard.edu
mailto:lance@steele.mgh.harvard.edu

Diffusion of Charged Particles in ECM

a
b
Particle
‘-\- cc
ition, Xi CCece,
-...__..... 0 position, x cc-'-'Cc(rc CCLCO
T — ° CCCCO |°
™ C C'(rc
D " ¢ Diffusion cchCCco |°
coefficient, Dj
Random Walk Stokesian Dynamics
Domain Domain
FIGURE 1 (a) Collagen fibers are represented as a spatially periodic

square array of fibers and our analysis is performed in a periodic unit cell
shown by the dashed line. (b) Nanoparticles diffuse inside the fibrous
medium (random walk domain). A second computational domain is con-
structed for the calculation of hydrodynamic interactions (Stokesian
dynamics domain). At each time step of the random walk, the position of
the particle is mapped to the Stokesian dynamics domain and its diffusion
coefficient is calculated by the solution of a Stokesian dynamics problem.
The diffusion coefficient is returned to the random walk domain and the
nanoparticle is moving to a new randomly chosen position. The new
position is accepted with a probability exp(—AE/kT), where AE is the
electrostatic energy difference between the two positions, & is the Boltz-
mann’s constant and 7 is the temperature. Periodic boundary conditions
are applied and in case of collision with a fiber the displacement is rejected.

METHODS
Model formulation

The computational domain consisted of a three-dimensional, spatially-peri-
odic, square array of fibers and the analysis was performed in a periodic unit
cell (Fig. 1 a). Particles were randomly distributed inside the domain, where
they performed a random walk. According to the random walk method, the
diffusing particle moved stepwise inside the fiber medium along a randomly
chosen direction. At each elementary time step, At, the displacement, J, of
the particle in each coordinate direction, i, was determined byd; = +/2D;;At,
where Dj; is the local diffusion coefficient tensor.

Diffusion of the particle is hindered due to hydrodynamic interactions
and is determined by Stokesian dynamics. For the Stokesian dynamics
approach, a second computational domain was constructed where the fibers
were represented as lines of adjacent spheres (bead and string model
(12,22)) with the same diameter as that of the fibers. At each time step
the position of the particle, x;, was mapped from the random walk domain
to the Stokesian dynamics domain, the Stokesian dynamics problem was
solved, and the local diffusion coefficient tensor of the particle, Dj;, was
determined based on the size of the particle and its position inside the
network (Fig. 1 b). The local diffusion coefficient decreases as the particle
size increases or as the particle approaches the fibers. Finally, the local
diffusion coefficient was returned to the random walk domain and the
particle was displaced to its new randomly chosen position.

Next, we checked if the displacement resulted in collision with the fibers
or crossing the boundary of the random walk domain. In the first case, the
displacement was rejected and the position of the particle did not change,
whereas in the second case periodic boundary conditions were applied
(11,15). To account for electrostatic interactions, the particle was allowed
to move to positions of lower energy or to positions of higher energy
with a probability of exp(—AE/kT), where AE is the electrostatic energy
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difference between the new and the previous position, k is the Boltzmann’s
constant, and 7'is the temperature. Therefore, if the particle did not collide
with any of the fibers, the difference in the electrostatic energy between the
new and the previous position, AE, was calculated. A random number was
then generated and if exp(—AE/kT) was higher than this random number,
the new position was accepted.

By tracking the trajectory of the particle for 10,000 time steps and taking
the average over 1000 particles, the overall diffusion coefficient, D, as well
as the components of the main diagonal of the overall diffusion coefficient

tensor (D, D}, D},) were determined as
_ <MSD> . <MSD,>
6r 20 )
. <MSD, > . < MSD, >
D}’y = 2t ’ and D z 2t ’

where ¢ is the time, and the mean-square displacements were calculated
from

n

< MSD > — %Z[(x,»(t) — 5O+ 00 3O

+ (2i(r) — 2(0))*]
< MSD, >= %Z(xi(t) _xi(o))z’

< MSD, >= %Z(yi(t) —3(0))%,

< MSD. >= %Z(z,-(t) —z(0))’,

where 7 is the total number of walkers (a thousand in our case) and x;, y;, z;
are the coordinate directions of the walker, i.

For the results presented in this study, we plot the overall diffusion
coefficient transverse to the preferred fiber direction, D . The fibers
are oriented in the z-direction, and thus D, is the average of
Dy, and D§, Dy =Dy, Results for the overall diffusivity in the preferred
fiber direction, i.e., D= D;, ,are shown in the Supporting Material.

To calculate the deviations in the solution of our mathematical model due
to its stochastic nature, we repeated the simulations and found a < 3% vari-
ation. Incorporation of hydrodynamic forces increased the computational
cost dramatically. To make the computations feasible we employed parallel
processing and the solution time using 28 processors was ~1 h.

Hydrodynamic interactions

To calculate the hydrodynamic hindrance, we followed the Stokesian
dynamics methodology as described in Phillips et al. (12). In a stagnant
fluid and ignoring interactions between the diffusing particles, the force,
F;, and the velocity, U; of each of the particles is given by the equation

Fi = R;U,, 3)

where R;; is the resistance matrix of the particle. For free diffusion in a solu-
tion, the diagonal components of the resistant matrix are equal to each other
and are given from the well known Stokes-Einstein relationship as 6wurs,
where p is the fluid viscosity, and r, the radius of the particle.

In a fibrous medium, the resistance matrix is determined by separating
short-range and long-range hydrodynamic interactions between the particle
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and the fibers. To calculate the resistance matrix we represented the fibers as
lines of adjacent spheres and used theories developed for sphere-sphere
interactions. For the long-range interactions, we employed the Ewald
sum of the Rotne-Pranger tensor (23) accounting only for the translational
velocity of the particles. This method includes the far-field interactions
among all spheres. The resistance matrix still lacks, however, short-range
interactions. To incorporate short-range (lubrication) forces, we calculated
the interaction between the particle and each of the spheres separately using
the exact two-sphere results from the literature (24,25). Therefore, lubrica-
tion interactions are calculated in a pair-wise additive fashion under the
assumption that the other spheres in the periodic unit cell are negligible.
This approach of including lubrication has been tested previously for
ordered and disordered arrays of spheres and has been found to agree
well with published theoretical and experimental studies (12,26-28). Addi-
tion of the long-range and short-range interactions gives the complete
approximation to the resistance matrix, R;;. Finally, by applying the gener-
alized form of the Stokes-Einstein relationship, the diffusion coefficient
matrix is determined as

Dy = kT(R:) ™", )

where k is the Boltzmann’s constant and 7T is the absolute temperature. The
number of spheres that comprised each fiber was determined by repeating
test simulations and increasing the number of the spheres. We found that
the results were not changed by > 2-3% when more than eight spheres
per fiber were used.

Electrostatic interactions

There are not many published studies to calculate the electrostatic energy
of a diffusing particle in a fibrous medium and these studies are limited
only to interactions between a particle and a single fiber (21,29,30).
Recently, the methodology developed by Johnson and Deen (21) was
used for a spatial periodic array of fibers (31) and it was found that the total
electrostatic energy is calculated in good accuracy by simply adding up the
individual contribution of each fiber. According to this methodology, the
electrostatic energy between a spherical particle and a fiber scales as

(RT/F)’er,

E =
kT

AG, ®)

where R is the gas constant, T is the absolute temperature, ¢ is the
permittivity, r, is the radius of the particle, k is the Boltzmann’s constant,
and AG is the dimensionless free energy. The free energy, AG, has a
quadratic dependence on the surface charge density of the fiber, O and
the particle, Q;:

AG = A00 + A07 + A7, (6)

where values of the parameters A;, A, and A; are given in Johnson and
Deen (21) as a function of fiber and particle diameter, Debye length, and
distance between particle and fiber. We calculated the individual contribu-
tions of each fiber based on Eqs 5. and 6 and the total electrostatic energy
was determined as

E, = ZE @)

To calculate the above sum, we took into account not only the fibers
residing in the cell of the particle but also the fibers in the neighboring
unit cells.
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Even though our methodology for the incorporation of both hydrodynamic
and electrostatic interactions can be used for fiber networks of any
geometry and orientation, the lack of a suitable correlation for calculating
energies in a fiber network restricted our model domain to that of a square
periodic array. Furthermore, because Eq. 6 was derived and tested only for
repulsive interactions (21) (31), we considered only the case where the
fibers and the particles have charges of same sign. Finally, we were careful
to restrict the parameters of our simulations within the limits of surface
charge densities, fiber and particle diameter, and Debye length for which
the correlation of Johnson and Deen (21) was derived.

The charged components of the extracellular matrix that hinder diffusion
of nanoparticles include collagen fibers and the associated glycosamino-
glycan (GAG) chains. The collagen fibers at neutral pH have a slightly
positive charge with a {-potential ~4mV (32), which corresponds to
a surface charge density of 0.002 C/m? The diameter of the collagen fiber
was taken to be 60 nm (33). On the other hand, GAG chains have a very
small diameter (in the range of 2 nm) and a highly negative charge with
surface charge density —0.10 C/m? (31). Molecules and nanoparticles can
vary considerably both in size and charge. Here, we considered particles
in the size range of 1-10 nm and surface charge density |Q,| ranging
from 0.0 to 0.10 C/m? which is within the range reported in (34) for
gold nanoparticles and consistent with values used previously in similar
studies (21,31). Except where noted otherwise, the physiological ionic
strength of 0.15M was used.

Preparation of extracellular matrix-mimetic gels

Collagen hydrogels were polymerized by mixing the following components
in order on ice: 97.7uL of 9.37mg/mL acid-soluble rat tail tendon collagen
(BD Biosciences, San Jose, CA) and 2.3uL of sodium hydroxide (I1N).
Optical imaging of these gels with second harmonic generation (SHG)
multiphoton microscopy (MPM) revealed that the collagen fibers were
isotropic and three-dimensional in nature (Fig. S1 in the Supporting
Material), whereas their organization was poor with dense arrays of short
fibers. After vortexing, quantum dot samples were introduced and the
mixture was immediately pipetted onto coverslips that were subsequently
sealed in petri dishes with a drop of water at the edge (Fisher Scientific,
Pittsburgh, PA). The samples were then incubated for 1h at 37°C. The final
concentration of collagen was 9.15mg/mL, which closely matched the
reported values for extracellular matrix concentrations in solid tumors
(6,35).

After the incubation period, coverslips containing the gel samples were
sealed in glass microwell slides (VWR International, West Chester, PA)
and MPM or multiphoton fluorescence correlation spectroscopy (MP-FCS)
measurements were performed at room temperature. For each quantum dot
type, three gel samples were used to determine the diffusion coefficient.
Collagen structure and organization was visualized using second harmonic
generation (SHG) imaging with MPM (36). MP-FCS measurements were
performed with laser powers of 0.4-0.7 mW to avoid excitation saturation.

Quantum dot preparation

We prepared quantum dots of two different charges by modifying the
surface of CdSe/CdZnS quantum dots with two derivatives of dihydrolipoic
acid (DHLA), i.e., DHLA-polyethyleneglycol (DHLA-PEG) and amino-
functionalized DHLA-PEG (DHLA-PEG-NH,) using a previously reported
method (37). Characterizations of the hydrodynamic radius and {-potential
(the electrostatic potential generated by the accumulation of ions at their
surface) for each quantum dot sample were performed using a dynamic
light scattering (DynaPro Dynamic Light Scatterer) and -potential
measurement system (Brookhaven ZetaPALS, Holtsville, NY), respec-
tively. The diffusivity in the solution was measured with a MP-FCS. The
radius, {-potential, and diffusivity in solution of the two types of nanopar-
ticles are given in Fig. 3 a.
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FIGURE 2 Our approach compared to the results of Philips et al. (12,22)
for spatially periodic arrays of fibers. A is the ratio of particle diameter to
fiber diameter.

RESULTS
Model validation

We first validated the model predictions with the mathemat-
ical approach of Phillips et al. (12,22), who calculated the
diffusion of particles in a spatially periodic square array
of fibers, taking into account only steric and hydrodynamic
interactions. They used the same Stokesian dynamics
method to account for hydrodynamic hindrance, but instead
of employing a random walk to calculate the overall diffu-
sion coefficient, they used the generalized Taylor dispersion
theory. Fig. 2 shows that our simulations agree well with the
results of Phillips et al.

We also tested our model predictions with diffusion
measurements of quantum dot nanoparticles in collagen gels
that mimic the extracellular matrix of tumors. We used two
types of quantum dots with similar size but different charge.
The DHLA-PEG were considered to be near neutral,
whereas the DHLA-PEG-NH, had a highly positive charge.
To apply the model to collagen gels we had to account for
the increase in the viscosity of the aqueous phase due to
unassembled collagen that does not form fibers but stays
in the solution as collagen oligomers. The viscosity can be
calculated by the volume fraction and the aspect ratio of
the unpolymerized collagen (Eq. 6.4 in Clayes and Brady
(38)). We measured the volume fraction by performing
spectrophotometric analysis of the supernatant of the gel
after centrifugation and found that 25% of the collagen stays
in the solution. However, there is no direct method to
measure the aspect ratio, which makes it difficult to calcu-
late the exact value of the viscosity and subsequently the
diffusion coefficient. Here, we are interested in using the
model to predict the relative diffusivity between the two
types of nanoparticles. Based on the fact that collagen forms
elongated rods of high aspect ratio, and with the under-
standing that the viscosity is inversely proportional to the
diffusivity, we used an aspect ratio of 60 (the highest aspect
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FIGURE 3 (a) Characteristic properties, radius, charge, diffusivity in
solution, of the two types of nanoparticles. (b) Experimentally measured
diffusivities and model predictions of the nanoparticles in collagen gels.

ratio reported in (38)), which increases the viscosity of water
by a factor of 2.7. The surface charge density of the particles
was calculated by the {-potential (Fig. 3 a), using the Gouy-
Chapman electric double layer theory. The diameter of the
collagen fiber was taken to be 60 nm (33) and the {-potential
4 mV (32). The fiber volume fraction was calculated from
the concentration used to make the gels and the collagen’s
effective specific volume (1.89 ml/g) (6). Fig. 3 b shows that
the diffusivity of the positively charged quantum dots is
lower than the diffusivity of the near neutral particles both in
the experiment and the model. Additionally, Fig. S2 shows
that the near neutral particles distribute more homoge-
neously compared to the positively charged particles.

Electrostatic repulsion is important when fiber
diameters are comparable to the Debye length

In Figs. 4 and 5, we assumed a uniform negative fiber
surface charge density and we kept the fiber volume fraction
and the ratio of the particle diameter to the fiber diameter,
A, constant. We used two values for the ionic strength of
the interstitial fluid: the physiological ionic strength value
of 0.15M as well as a much lower ionic strength of 0.02M
for comparison. Fig. 4, a and b, presents the overall diffu-
sion coefficient transverse to the preferred fiber direction
for ionic strength 0.15M, and Fig. 5, a and b presents the
results for 0.02M. Fig. S3 and Fig. S4 show the diffusivity
parallel to the preferred fiber direction. The range of electro-
static interactions is governed by the Debye length, k;!. The
Debye length, which is inversely proportional to the square
root of the ionic strength, was 0.79 nm at 0.15M and

Biophysical Journal 99(5) 1342—-1349
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FIGURE 4 Effect of electrostatic repulsion on the hindered diffusion of
nanoparticles. The fiber surface charge density was taken to be —0.05 C/m?,
the ionic strength of the solution was set to 0.15M and A was 0.5. The fiber
volume fractions were 0.03 (a) and 0.06 (b). Hindered diffusion is the
ratio of the overall diffusion coefficient in the fibrous medium transverse
to the fiber direction, D | , over the diffusion coefficient in solution, D,

2.16 nm at 0.02M. From both Figs. 4 and 5, we conclude
that electrostatic repulsion hinders diffusion of negatively
charged particles for small fibers but has little effect for
large fibers. When the fiber diameter, d, is comparable to
the Debye length, the range of electrostatic forces is compa-
rable to the size of the fibers. However, when the fiber size is
much larger than the Debye length, the range of electrostatic
forces forms a very small envelope that surrounds the fiber
(Fig. 6). Therefore, repulsive electrostatic interactions are
significant for diffusion of particles around fibers whose
size is comparable to the Debye length.

Fiber volume fraction increases the effect
of electrostatic interactions

Electrostatic interactions also depend on fiber volume
fraction. We repeated the simulations in Figs. 4 and 5 for
two fiber volume fractions, 0.03 and 0.06. At a 0.03 volume
fraction, electrostatic interactions are not as strong and
the diffusivity increases as the fiber diameter increases

Biophysical Journal 99(5) 1342—-1349
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FIGURE 5 Effect of electrostatic repulsion on the hindered diffusion
of nanoparticles. The fiber surface charge density was taken to
be —0.05 C/mz, the ionic strength of the solution was set to 0.02M and A
was 0.5. The fiber volume fractions were 0.03 (a) and 0.06 (b). Hindered
diffusion is the ratio of the overall diffusion coefficient in the fibrous
medium transverse to the fiber direction, D , , over the diffusion coefficient
in solution, D,.

(Figs. 4 a and 5 a). At a 0.06 volume fraction, however,
the fibers are packed closer together and electrostatic forces
become more important (Fig. 6). For fibers with diameter of
5 nm, the diffusivity is similar or lower than the diffusivity
for 2 nm fibers, whereas for larger fibers (>5 nm) the diffu-
sivity increases again (Figs. 4 b and 5 b).

lonic strength significantly affects the diffusivity
of charged particles

As the ionic strength increases, the Debye length decreases
and the effect of electrostatic interactions diminishes.
A comparison of Figs. 4 and 5 shows the dramatic decrease
in the mobility of the particle caused by changing the ionic
strength from 0.15 to 0.02M. Furthermore, Fig. 7 and
Fig. S5 show the hindered diffusion of a particle as a func-
tion of its surface charge density for four different values of
the ionic strength, 0.02M, 0.06M, 0.1M, and 0.15M. Again,
we see that increasing the ionic strength increases the diffu-
sivity of the particle.



Diffusion of Charged Particles in ECM

Range of At
interactions, =", B
Fiber — ™

Unit perio@v
cell :

Low volume fraction  High volume fraction

di>> kK

Low volume fraction High volume fraction

FIGURE 6 Spatially-periodic arrangement of fibers for low and high
fiber volume fractions. As the fiber volume fraction increases the fibers
are packed closer to each other. Therefore, the range of electrostatic inter-
actions for fibers with diameter, d;, comparable to the Debye length, k;l
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Particle size affects both hydrodynamic
and electrostatic interactions

Fig. 8 shows the hindered diffusion transverse to the
preferred fiber direction as a function of the particle surface
charge density and when the ratio of particle diameter to
fiber diameter, A, is 0.5, 1.0, 2.0, and 3.0. For uncharged
particles the diffusion coefficient decreases as a result of
steric and hydrodynamic interactions. For charged particles,
electrostatic forces cause an almost uniform decrease in the
diffusivity of the particles. Fig. S6 presents the results for
diffusion parallel to the preferred fiber direction. Interest-
ingly, we see that diffusivity in the preferred fiber direction
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FIGURE 7 Effect of ionic strength on the hindered diffusion of nanopar-
ticles. The fiber volume fraction, ¢, was set to 0.03, the fiber diameter, dp,
and surface charge density, Oy, were 2 nm, and —0.05 C/mz, and the ratio of
particle size to fiber size, A, was 0.5.
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FIGURE 8 Effect of particle size on the hindered diffusion of nanopar-
ticles. The fiber volume fraction, ¢, was set to 0.03, the fiber diameter,
dy, and surface charge density, O, were 2 nm, and —0.1 C/mz, and the ionic
strength was 0.15M.

is independent of the surface charge density of particles with
A=2.0and A =3.0.

DISCUSSION

According to our results, the effect of repulsive electrostatic
interactions on the diffusion of nanoparticles is significant
only when the fiber size is comparable to the Debye length
(Figs. 4 and 5). For glycosaminoglycan chains, the size is
a few nanometers and the effect is potentially important.
However, for larger fibers such as collagen, the effect of
repulsive forces becomes less significant. Also, comparison
of the diffusion coefficients parallel and transverse to the
preferred fiber direction shows that the mobility of charged
particles is affected more in the transverse direction. Exper-
imental studies (17,18) have shown decreases in the
diffusion coefficient of positively and negatively charged
nanoparticles (up to three orders of magnitude) in reconsti-
tuted ECM hydrogels due to electrostatic attraction and
binding. Here, we propose that under certain conditions —
e.g., small fibers and low ionic strength — electrostatic
repulsion might have similar effects. The model predictions
of the overall diffusion coefficient and its directional
components (Eq. 1) can also be used in Fick’s law to calcu-
late the average or the directional diffusive flux of particles
in fibrous media.

The model is limited in that the correlation (Eq. 6) used to
calculate electrostatic energies has been validated only for
a single fiber (21) or a spatially periodic array of fibers
(31). This correlation provides an accurate way to calculate
electrostatic energies without significant computational
cost. Once a similar expression is available for random fiber
distributions, our mathematical framework can be easily
extended to incorporate fiber networks. It has been shown
(39,40), however, that the overall diffusion coefficient is
affected only by the fiber volume fraction and not the fiber
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distribution. Therefore, we expect our predictions to be
meaningful for fiber networks. Another limitation is that
Eq. 6 was derived for repulsive interactions between parti-
cles and fibers and does not consider attractive forces.
Thus, our simulations were restricted to particles with the
same charge as the fibers. In addition, Eq. 6 was developed
based on the linearization of the Poisson-Boltzmann equa-
tion, which is valid when the surface potentials are less
than the thermal potential (kT/e). In our analysis, this
limitation was not always met. For repulsive interactions,
however, the errors in the Boltzmann factor exp(—E/KT)
are likely to be minor because E > 0 and exp(—E/kT) are
already small. Therefore, linearization of the Poisson-Boltz-
mann equation should not overestimate the electrostatic
energy significantly.

To our knowledge, this is the first model to incorporate
both hydrodynamic and electrostatic interactions in a
random walk approach for the study of diffusion in fibrous
media. The Stokesian dynamics method is computationally
intensive and the use of parallel processing was required to
obtain solutions in acceptable times. When the particle size
is very small compared to the fiber diameter, hydrodynamic
interactions are not important and the Stokesian dynamics
method could be excluded from the simulation (13,22).
When the particle size is comparable or even larger than
the fiber diameter, hydrodynamic hindrance slows down
the mobility of the particle more than twofold and incorpo-
ration of hydrodynamic interactions becomes necessary.
Additionally, we found that when we excluded Stokesian
dynamics, we had to track the displacement of more than
200,000 random walkers to get a stable solution. At the
same time, incorporation of Stokesian dynamics restricted
the mobility of the particles and decreased the total number
of random walkers that we used to 1000.

Nanoparticles have been developed as a promising new
generation of contrast agents and targeted delivery vehicles
for the diagnosis and treatment of solid tumors (41-43). Due
to the importance of nanotechnology in the study and
treatment of cancer, we sought to understand how particle
surface charge affects transport in the ECM. It is widely
accepted that cationic particles selectively target tumor
vessels (3,44) and they are preferred for that reason. Here,
we showed that neutral particles might diffuse faster than
cationic. We also showed that for large fibers, electrostatic
repulsion might not be significant and, thus, the diffusivity
of particles with charge of same sign as the fibers will be
the same as the diffusivity of neutral particles. The tumor
microenvironment consists of fibers whose diameter ranges
from a few nanometers (hyaluronic acid, collagen oligo-
mers) up to a few micrometers (collagen fibers) and their
charge can be either positive (collagen) or negative
(hyaluronic acid). Therefore, neutral nanoparticles should
diffuse faster than cationic. From the above analysis,
we conclude that the optimal nanoparticle for delivery to
tumor tissue should be initially cationic to selectively target
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tumor vessels, but change charge to neutral after entering
the ECM.
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